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The flutter analysis code TURBO was used to calculate the observed flutter of this forward-swept
experimental fan, which was designed to reduce noise (pp. 174-175).

This utility vehicle was tested with ultracapacitors instead of lead acid batteries. Ultracapacitors
require no maintenance, have unlimited life, and can be charged in minutes rather than hours
(p. 244).

NASA's Ultra-Efficient Engine Technology project is developing revolutionary turbine engine propul-
sion technologies that will enable the development of future vehicles over a wide range of flight
speeds from subsonic to supersonic. The GE9QO engine shown here incorporated technologies from
previous NASA research; new technologies being developed under this project are expected to be
incorporated into future engines like the GEQO (pp. 2-3).

The sample processing unit shown here is one of the two main pieces of flight hardware that
were assembled and tested for the Coarsening in Solid-Liquid Mixtures-2 (CSLM-2) experiment—a
materials science space flight experiment whose purpose is to investigate the kinetics of competitive
particle growth within a liquid matrix (pp. 227-228).
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Introduction

The NASA Glenn Research Center at Lewis Field, in partnership with U.S. industries,
universities, and other Government institutions, is responsible for developing and trans-
ferring critical technologies that address national priorities in aeropropulsion and
space applications. Our work is focused on research for new aeropropulsion tech-
nologies, aerospace power, microgravity science (fluids and combustion), electric
propulsion, and communications technologies for aeronautics, space, and aerospace
applications.

As NASA's premier center for aeropropulsion, aerospace power, and turbomachinery,
our role is to conduct world-class research and to develop and transfer key tech-
nologies to U.S. industries. We contribute to economic growth and national security
through safe, superior, and environmentally compatible U.S. civil and military aircraft
propulsion systems. Our Aerospace Power Program supports all NASA Enter-
prises and major programs, including the International Space Station, Advanced
Space Transportation, and new initiatives in human and robotic exploration.

Glenn Research Center leads NASA's research in the microgravity science disciplines of
fluid physics, combustion science, and acceleration measurement. Almost every space shuttle science mission has had an
experiment managed by NASA Glenn, and we have started to conduct a wide array of similar experiments on the International
Space Station.

We are committed to enabling U.S.-based aerospace and nonaerospace industries to benefit directly from the technologies
developed through our programs. Technology spinoffs from our efforts are found in all aspects of our daily lives, from solar
cells to pagers. Our goal is to maximize the benefit of our activities to the Nation and to optimize the return on each taxpayer’s
investment.

The Glenn staff consists of over 3200 civil service employees and support service contractor personnel. Scientists and engi-
neers comprise more than half of our workforce, with technical specialists, skilled workers, and an administrative staff support-
ing them. We aggressively strive for technical excellence through continuing education, increased diversity in our workforce, and
continuous improvement in our management and business practices so that we can expand the boundaries of aeronautics,
space, and aerospace technology.

Glenn Research Center is a unique facility located in northeast Ohio. Situated on 350 acres of land adjacent to the Cleveland
Hopkins International Airport, Glenn comprises more than 140 buildings, including 24 major facilities and over 500 specialized
research and test facilities. Additional facilities are located at Plum Brook Station, which is about 50 miles west of Cleveland.
Plum Brook Station has four large, major world-class facilities for space research available for Government and industry programs.

Knowledge is the end product of our activities. The R&T reports help make this knowledge fully available to potential users—the
aircraft engine industry, the space industry, the energy industry, the automotive industry, the aerospace industry, and others.
It is organized so that a broad cross section of the commmunity can readily use it. Each article begins with a short introductory
paragraph that should prove valuable for the layperson. These articles summarize the progress made during the year in various
technical areas and portray the technical and administrative support associated with Glenn’s technology programs.

We hope that this information is useful to all. If additional information is desired, readers are encouraged to contact the research-
ers identified at the end of each article and to visit Glenn on the World Wide Web at http://www.grc.nasa.gov.

Donald J. pbell
Director
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Ultra-Efficient Engine Technology

Program

Ultra-Efficient Engine Technology Project Continued to
Contribute to Breakthrough Technologies

As NASA’s turbine engine technology program, the vision of the Ultra-Efficient
Engine Technology project is to develop and hand off revolutionary turbine
engine propulsion technologies that will enable future generation vehicles over
a wide range of flight speeds.

NASA GLENN RESEARCH CENTER

The International Civil Aviation Organization
(ICAQ), the U.S. Environmental Protection
Agency (EPA), local environmental groups,
and the public have become increasingly
concerned over damage to local air quality
from aircraft emissions and the impact of
producing greenhouse gases. The NASA
Glenn Research Center has been working
to develop revolutionary technologies to mini-
mize environmentally harmful engine emis-
sions, such as nitrogen oxides, carbon
dioxide, aerosols, and particulates.

Beginning in fiscal year 2000, Glenn began
the 6-year, $300-million Ultra-Efficient Engine
Technology (UEET) Program. In fiscal year
2003, the UEET Program became a project
within the Vehicle Systems Programin NASA's
Aerospace Technology Enterprise.

The two objectives of UEET are (1) to develop
technologies to reduce nitrogen oxide (NO,)
emissions by 70 percent below 1996 ICAO
regulations and (2) to decrease carbon
dioxide emissions (CO,) by dramatically
increasing performance and efficiency. High-
temperature engine materials, ultra-low-NO,
combustor designs, efficient, highly loaded
turbomachinery, and propulsion-airframe
integration analysis are technologies being
developed at Glenn to meet these goals.
Technology developed in the previous
Advanced Subsonic Technology Program is
being put into commercial production for large
and regional aircraft to reduce NO, emissions
50 percent below 1996 ICAO regulations for
landing and takeoff cycles. UEET will take
the technology to the next quantum leap—
reducing emissions to 70 percent below the
ICAO regulations level. In addition, NASA-
developed research will significantly reduce
carbon monoxide, unburned hydrocarbons,
and corresponding cruise NO, levels for the
next generation of aircraft engines.

2]




Technologies are being developed for subsonic and supersonic commercial
engine applications. In addition, key technologies from the UEET Program are
critical to advanced engine technology programs within the Department of
Defense, which relies on NASA technology in this area.

Glenn’s UEET research will be useful across the whole range of flight: subsonic,
supersonic, and hypersonic. It will improve the subsonic transportation that the
public depends on, contribute to supersonic commercial aircraft, improve military
aircraft, and contribute to the design of a future hypersonic vehicle. These
technologies are contributing to a better quality of life on Earth.

The overall UEET project includes research efforts at Glenn, the NASA Langley
Research Center, and the NASA Ames Research Center, as well as at the five
U.S. gas turbine manufacturers (GE Aircraft Engines, Pratt & Whitney, Allison
Advanced Development Corporation/Rolls-Royce, Honeywell, and Wiliams

International), two major airframe com-
panies (the Boeing Company and
Lockheed Martin), and a number of
universities and small businesses.

Glenn contacts:

Dr. Robert J. Shaw, 216-977-7135,
Robert.J.Shaw@nasa.gov, and

Lori A. Manthey, 216-433-2484,
Lori.A.Manthey@nasa.gov
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Air-Breathing Systems Analysis

Preliminary Results Obtained in Integrated Safety Analysis
of NASA Aviation Safety Program Technologies

The goal of the NASA Aviation Safety Program (AvSP) is PRELIMINARY RESULTS SHOWING SAFETY GAIN
to develop and demonstrate technologies that contribute FROM SYNTHETIC VISION

to a reduction in the aviation fatal accident rate by a factor Tumn | Envelope Air traffic Synthetic Safety
of 5 by the year 2007 and by a factor of 10 by the year rate, | distance, control vision and air gain
2022. Integrated safety analysis of day-to-day operations ofs ft only, traffic

and risks within those operations will provide an under- Poacident control,

standing of the Aviation Safety Program portfolio. Safety Paceigent

benefits analyses are currently being conducted. Prelimin- 14 17 500 9.50010™" 8.420107° 11.3
ary results for the Synthetic Vision Systems (SVS) and 1.4 20 000 5.10010™" 2.900107° 175.8
Weather Accident Prevention (WXAP) projects of the AvSP 3.0 10 000 8.90010™" 6.3301072 141
have been completed by the Logistics Management Institute 1 -3

under a contract with the NASA Glenn Research Center. 30 12500 5'10D10_1 2.O1IZI1O_2 293.2
These analyses include both a reliability analysis and a 53 7500 7.90010 3.78010 20.9
Computer Simu|a‘tion modeL 53 10 000 4.20D10_1 1.00|:|10_3 420.0

The integrated safety analysis method comprises two

principal components: a reliability model and a simulation model. In the reliability
model, the results indicate how different technologies and systems will perform
in normal, degraded, and failed modes of operation. In the simulation, an
operational scenario is modeled.

The primary purpose of the SVS project is to improve safety by providing
visual-flight-like situation awareness during instrument conditions. The current
analyses are an estimate of the benefits of SVS in avoiding controlled flight into
terrain. The scenario modeled has an aircraft flying directly toward a terrain
feature. When the flight crew determines that the aircraft is headed toward an
obstruction, the aircraft executes a level turn at speed. The simulation is ended
when the aircraft completes the turn.
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The preceding table shows prelimi-
nary results for SVS, where safety gain
is defined as the baseline-case
accident probability divided by the
variant-case accident probability.
Therefore, a safety gain of 420.0 means
that the aircraft is 420 times safer with
SVS than without SVS.
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COMPARISON OF ENCOUNTER
PROBABILITIES

Lead No WxAP WxAP
time,
S

30 0.210 0.216

60 219 212

90 212 214
120 .216 215
180 .208 191
240 .219 .030
300 .210 .031

ALTITUDE ESCAPE AND SLOWDOWN

PROBABILITIES WITH WxAP AVERAGE WARNING

TIME
TECHNOLOGY : _

Lead time, | Altitude | Full slowdown Lead time, V\/t?r:]nemg
s escape [ . ,
30 0.0 0.0 20 42
60 0.0 0.0 60 59.5
90 0.0 169 90 99.4
120 0.0 875 120 146.1
180 .055 1.0 180 2421
240 .861 1.0 240 340.9
300 .852 1.0 300 438.0

The WxAP project was created to address the fact that approximately one-third
of commercial aviation accidents are at least partially attributed to adverse
weather. Timely and accurate information about weather could reduce accidents
caused by weather.

The analyses are aimed at estimating the benefits of WxAP in detecting turbu-
lence and either avoiding it altogether or mitigating its effect if it cannot be avoided.
The scenario used to assess turbulence assumes that the aircraft is flying into an

area in which there is a turbulence
cell. For this scenario, the pilot must
perform several actions, including
reducing the speed of the aircraft,
requesting an altitude change, and
beginning to change altitude.

Safety metrics for turbulence are less
obvious thanthose for terrain features,
so several results are presented
instead of a single-value safety gain.
The three tables to the left show,
respectively, encounter probability with
and without the WxAP technology
and for varying lead times, altitude
escape and slowdown probabilities
with the WxAP technology for varying
leadtimes, and warning times achieved
with the WxAP technology for varying
lead times. Although these results are
preliminary, it is clear that the AvSP
technologies provide significant safety
benefits.

Find out more about NASA’s
Aviation Safety Program:
http://avsp.larc.nasa.gov
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Computer Code for Gas Turbine Engine Weight and

Disk Life Estimation Improved

Engine weight is a key design parameter for any new aircraft engine. It affects
aircraft range and is a key element in fuel burn. Weight is also considered to be
an indicator of engine cost. Reliable engine-weight estimation at the conceptual
design stage is critical to the development of new aircraft engines. It helps to
identify the best engine concept from among several candidates.

Equally important, aircraft engines must meet safety demands. Fatigue loading
of turbine components associated with continuous aircraft takeoff/cruise/
landing cycles is a principal source of degradation in turbomachinery. A disk
burst is potentially the most catastrophic failure possible in an engine, and thus
disks are designed with overspeed capability and low-cycle-fatigue life as
primary objectives. The requirement for higher turbine stage work without addi-
tional stages has resulted in increased turbine blade tip speeds and higher tur-
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bine inlet temperatures in advanced
commercial aircraft engines. This
trend has resulted in significant
increases in turbine stage disk rim
loading and a more severe thermal
environment, thereby making it more
difficult to design turbine disks for a
specific life requirement meeting cur-
rent goals. The current trend indicates
that both turbine blade tip speeds
and turbine inlet temperatures will
continue to increase in advanced
commercial engines as higher turbine
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work levels are achieved. Advanced turbine disk concepts are required to
ensure long life disks in commercial engines, without resulting in severe weight,
performance, or cost penalties.

At the NASA Glenn Research Center, the Weight Analysis of Turbine Engines
(WATE) computer code, originally developed by Boeing Aircraft, is being used
to estimate the engine weight of various conceptual engine designs. The code
was originally developed for NASA in 1979, but since then substantial improve-
ments were made to the code to improve the weight calculations for most of
the engine components. Recently, a series of efforts were performed at Glenn
to enhance the capability of the WATE code. The major enhancements include
the incorporation of improved weight-calculation routines for the compressor
and turbine disks using the finite-difference technique. In addition, the stress
distribution for various disk geometries was incorporated for a life-prediction
module to calculate disk life. A material database, consisting of the material
data of most of the commonly used aerospace materials was also incorporated
into WATE. Collectively, these enhancements provide a more realistic and
systematic way to calculate engine weight. The current effort paves the way
for an integrated engine design tool, which would easily allow engine developers
to perform design tradeoffs between engine weight, durability, and cost.
To demonstrate the new capabilities, Glenn researchers used the improved
WATE code to perform an engine weight/life tradeoff assessment on a
90 000-Ib-thrust-class commercial turbofan engine.
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Materials

Universal Responses of Cyclic-Oxidation Models Studied

Oxidationis animportant degradation process for materials operating in the high-
temperature air or oxygen environments typical of jet turbine or rocket engines.
Reaction of the combustion gases with the component material forms surface
layer scales during these oxidative exposures. Typically, the instantaneous rate of
reaction is inversely proportional to the existing scale thickness, giving rise to
parabolic kinetics. However, more realistic applications entail periodic startup
and shutdown. Some scale spallation may occur upon cooling, resulting in loss
of the protective diffusion barrier provided by a fully intact scale. Upon reheating,
the component will experience accelerated oxidation due to this spallation.

Cyclic-oxidation testing has, therefore, been a mainstay of characterization and
performance ranking for high-temperature materials. Models simulate this pro-
cess by calculating how a scale spalls upon cooling and regrows upon heating
(refs. 1 to 3). Recently released NASA software (COSP for Windows) allows
researchers to specify a uniform layer or discrete segments of spallation (ref. 4).
Families of model curves exhibit consistent regularity and trends with input
parameters, and characteristic features have been empirically described in
terms of these parameters. Although much insight has been gained from
experimental and model curves, no equation has been derived that can describe
this behavior explicitly as functions of the key oxidation parameters.

A series summation equation has been developed to model a special case of
parabolic scale growth and interfacial spallation of a constant area fraction,
occurring only at the thickest portions (a deterministic interfacial cyclic-oxidation
spalling model, or DICOSM, ref. 5). The input parameters are the parabolic
growth rate constant k,, spall area fraction F,, oxide stoichiometry S, and
cycle duration At. The output data include the net weight change, amount of
oxygen and metal consumed, and amount of oxide spalled. This simplicity allows
all output data and characteristic features to be represented by explicit algebraic
functions (ref. 5). The net weight change can be described by the following
relations, depending on whether the number of thermal-exposure cycles j is
less than or greater than the number of segments n, (case A or B), where n,, is
defined as 1/F 4:

W m . 1 . 0
@%@G OFa o8 B (20~ S ()2 5 (=25 )00 gy

!

Classic weight-change curves are produced with an initial maximum and final
linear weight-loss rate, as shown in the top figure. The maximum in weight change
varied directly with the parabolic rate constant and cycle duration and inversely
with the spall fraction, all to the 1/2 power. The number of cycles to reach
maximum and zero weight change, j,,, and j,, varied only with the inverse of
the spall fraction, and the ratio of these is exactly 1:3.

OF JkpAt %1— Sc)i —%sc ﬁno)”2 +é(1+sc)(no)3lzg B)

SAB O
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It was found that all variations of model
parameters for one oxide type (S,)
could be represented by a single rela-
tionship. Here weight change is nor-
malized by the weight at maximum,
(AW/A) 1 ax @nd cycles are normalized
by the number to achieve this maxi-
MUM, jiax- e result is shown in the
bottom figure, where the universal
curve (dashed line for equation shown)
is unique for all oxides up to the cycle
number that represents n,; then anew
branchis followed for each oxide type.
Nevertheless, all model responses for
any combination ofkp, At,and F, have
been consolidated into a single curve,
indicating the universality of the key
characteristics of the model.

Although net weight change is infor-
mative regarding cyclic-oxidation
behavior, the ultimate figure of merit
for material performance is the amount
of metal reacted or consumed by oxi-
dation. Also obtained as a normal
output of these models, it too was
normalized by using the parameter
(Se = 1){kpAt / F4 , and the cycle num-
ber was normalized by n,. Again,
there are two cases depending on
whether j is less than or greater than
n,. In the final figure, the responses
for all values of S, k,, At, and F, are
described by these two relations and
the lines are plotted. In the extremes,
it is seen that the amount of metal
consumed varies with the square root
of the cycle number or is linear with
the cycle number. These universal
constructions provide a strong indica-
tion of the regularity of model cyclic-
oxidation responses. Future work is
planned to categorize actual cyclic-
oxidation data according to these
constructions and evaluate their
universality of behavior.
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Find out more about this research: http://www.grc.nasa.gov/WWW/EDB/
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Alloy Design Workbench—Surface Modeling Package

Developed

NASA Glenn Research Center’'s Computational Materials Group has integrated
agraphical user interface with in-house-developed surface modeling capabilities,
with the goal of using computationally efficient atomistic simulations to aid the
development of advanced aerospace materials, through the modeling of alloy
surfaces, surface alloys, and segregation. The software is also ideal for model-
ing nanomaterials, since surface and interfacial effects can dominate material
behavior and properties at this level. Through the combination of an accurate
atomistic surface modeling methodology and an efficient computational engine,
it is now possible to directly model these types of surface phenomenon and
metallic nanostructures without a supercomputer.

Fulfilling a High Operating Temperature Propulsion Components (HOTPC) project
level-l milestone, a graphical user interface was created for a suite of quantum
approximate atomistic materials modeling Fortran programs developed at Glenn.
The resulting “Alloy Desigh Workbench—Surface Modeling Package” (ADW-
SMP) is the combination of proven quantum approximate Bozzolo-Ferrante-
Smith (BFS) algorithms (refs. 1 and 2) with a productivity-enhancing graphical

NASA GLENN RESEARCH CENTER B

front end. Written in the portable,
platform-independent Java program-
ming language, the graphical user
interface calls on extensively tested
Fortran programs running in the back-
ground for the detailed computational
tasks. Designed to run on desktop
computers, the package has been
deployed on PC, Mac, and SGI com-
puter systems.

The graphical user interface integrates
two modes of computational materials
exploration. One mode uses Monte
Carlo simulations to determine lowest
energy equilibrium configurations. The
second approach is an interactive
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“what if” comparison of atomic
configuration energies, designed to
provide real-time insight into the
underlying drivers of alloying
processes.

By using a Metropolis Monte Carlo
algorithm for atomic exchanges,
ADW-SMP can simulate an annealing
run on an alloy, prompting the user for
the number of temperature stages,
the number of atomic exchanges per
stage, and the temperature of each
stage of the anneal. At each tempera-
ture, a Metropolis algorithm is used to
determine if two unlike atoms in the
alloy should be exchanged, consider-
ing whether the exchange lowers or
raises the total energy of the material.
Another option of particular impor-
tance for surfaces is a lattice position
relaxation calculation, in which the
coordinates of each atom can be
optimized. Because they are located
on the surface, atoms can rearrange
tolower the total energy of the compu-
tational cell in a process called surface
reconstruction, which can greatly
affect subsequent surface interactions.
The ADW-SMP program then gives the user a graphical representation of the
results, as well as available statistical summaries such as the coordination of each
type of atom in the computational cell, indicating the type and number of
neighboring atoms at nearest- and next-nearest-neighbor distances.

Display from the ADW-SMP of an
annealed face-centered cubic [111]
copper nanowire showing initial
indications of local thinning.

In the second approach to alloy modeling implemented in ADW-SMP, the static
energies of similar collections of atoms are computed and compared. This allows
users to explore how arranging atoms in different configurations affects the total
energy. The ability to perform atom-by-atom analysis of the energetics helps
users to understand most surface processes in greater detail. For example,
users can learn why, energetically, specific alloy components may segregate
preferentially to a surface, either promoting or poisoning catalytic reactions, or
determine why some otherwise immiscible metals will form surface alloys, mixing
only in the presence of a surface.

The preceding figure depicts an example computational cell, showing the real-
time, three-dimensional representation of the array of atoms as seen by a user.
Shown is an annealed copper nanowire with local thinning becoming visible.
Extensive atom display routines enable on-screen manipulation to better visualize
and understand the atomic arrangements and their energetically favored con-
figurations, under interactive pointer control. Incorporated editing capabilities
allow users to graphically choose atoms to move or modify or to choose where
to place additional alloying components.
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With the ever-increasing computational
power available to researchers on their
own desktops, more sophisticated
simulation tools become increasingly
attractive. For materials scientists
engaged in the creation of advanced
alloys, the ADW-SMP software suite
should become an interesting tool to
potentially guide and instruct parallel
experimental work. With immediate,
on-screen feedback, researchers can
design and launch alloy simulations
to guide the much more expensive
laboratory explorations of alloy prop-
erties, or use the simulations to aid in
detailed interpretation of experimental
results.

Find out more about this research:
http://www.icmsc.org
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Ballistic Impact Response of Advanced Silicide Alloys

Tested in the IHPTET Program
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Backside crack radius for MoSiB- and NbSi-base materials at room
temperature and 1200 °C.

Pratt & Whitney has been developing a molybdenum-base alloy and GE has
been developing a niobium-base alloy under the Integrated High Performance
Turbine Engine Technology’s (IHPTET) Revolutionary Blade Material program,
which is developing advanced materials to replace today’s superalloys in the hot
sections of turbine engines. The IHPTET program had a milestone to compare
the status and potential of these materials by July 2002. As one of several cri-
teria used in the evaluation, the NASA Glenn Research Center was asked by
the Air Force to perform ballistic impact testing to simulate foreign object dam-
age. The purpose of this work was to examine the ballistic impact response of
the two candidate alloys as one of several critical properties needed for engine
application.

Ballistic testing of NbSi and MoSiB, as well as of samples of NbSi that had been
coated with an oxidation-resistant coating, was performed at room temperature
and 1200 °C at a variety of impact energies. The backside crack radius, after
impact testing, was measured and plotted as a function of impact energy. At
1200 °C, both silicide materials performed better than they did at room temper-
ature. This is somewhat surprising, because previous research on other inter-
metallics, NiAl and TiAl, did not show strong temperature dependence.
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The improvement was quite dra-
matic for NbSi but more moderate
for MoSiB. The plot illustrates that
the niobium alloy was clearly more
impact resistant than the molybde-
num alloy at both room and elevated
temperature.

On the basis of these preliminary
results, the NbSi material probably
has sufficient impact resistance to
perform as a high-pressure turbine
blade. Its room temperature behavior
is adequate, and its high-temperature
behavior is very good, far surpassing
any other advanced intermetallic or
ceramic tested in our labs. A more
accurate assessment of NbSi would
require more exact knowledge of
the actual engine environment and a
series of tests to examine thermal his-
tory effects and postimpact mechani-
cal performance. However, the current
MoSiB alloy is inadequate for rotating
parts, even if the improved high-
temperature data are taken into
account, and the alloy would need
further refinement to accommodate
potential foreign or domestic impact
damage.
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Versatile Turbine Disk Alloy Designed and Processed for

Higher Temperature Applications

Advanced turbine engine configurations using higher temperature combustor
and airfoil concepts require compressor and turbine disks that can withstand
temperatures higher than the 650 °C typical of current engines. This requires disk
alloy and processing improvements. A versatile disk alloy was needed that could
be given either fine grain heat treatments for high strength and fatigue and creep
resistance up to 704 °C or given coarse grain heat treatments for high strength
and creep and dwell crack-growth resistance at higher temperatures. This alloy
could produce disks with uniform microstructures and properties, as well as with
varied, optimized microstructures at disk bore and rim sections.

A series of experimental disk alloys were designed and processed to give
subscale disks about 13 cm in diameter and 4 cm thick. These alloys had varying
levels of key elements to affect mechanical properties and change the “solvus”
solution heat-treatment temperature necessary to produce coarse grain micro-
structures. Disks were given coarse grain heat treatments followed by rapid oil
quenching and slower fan air quenching. These heat treatments were intended
to simulate the cooling paths of rapidly cooled full-scale disks at the outermost
rim and interior bore locations, respectively. Preliminary quench tests of tensile
specimens and coin-size minidisks had indicated that alloys having high solvus
temperatures were more prone to cracking during rapid quenching from coarse
grain heat treatments. These findings were confirmed in the subscale disks,
where such alloys did form undesirable quench cracks.

Mechanical tests were performed on specimens from subscale disks given these
coarse grain heat treatments, as well as on specimens given a fine grain heat
treatment. Tensile, creep, and crack growth tests were performed at 704 °C and
higher temperatures. A versatile alloy was identified that had a low solvus
temperature for resistance to quench cracking as well as an optimal combination
of high levels of strengthening refractory elements that produced balanced high
mechanical properties for both fine grain and coarse grain microstructures. This
low-solvus, high-refractory (LSHR) alloy has been scaled-up to produce proto-
type full-scale turbine disks typical of regional jet turbofan engines. Disks were
successfully heat treated to give uniform coarse grain and uniform fine grain

0 1 2 3 4 5 6 7
Length, in.

Dual microstructure produced by the DMHT process on a low-
solvus, high-refractory alloy.
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microstructures. Additional disks were
givenaNASA dual microstructure heat
treatment (DMHT) that intentionally
varied the solution heat-treatment tem-
peratures between the disk rim and
bore (ref. 1). The disk rim was heated
to a high enough temperature to pro-
duce a coarse grain microstructure,
while the bore was maintained at a
lower temperature to produce a fine
grain microstructure (see the figure).
This DMHT can produce optimal high
strength, fatigue, and creep resistance
up to 704 °C in the cooler running disk
bore, and high strength, creep resis-
tance, and dwell crack growth resis-
tance at higher temperatures for the
hotter disk rim. Extensive mechanical
testing is being initiated to compare
the mechanical properties of the uni-
form and DMHT disks.

Find out more about the research of
Glenn’s Materials Division:
http://www.grc.nasa.gov/WWW/
MDWeb/
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Superalloy Disk With Dual-Grain Structure Spin Tested

Advanced nickel-base disk alloys for future gas turbine engines will require
greater temperature capability than current alloys, but they must also continue to
deliver safe, reliable operation. An advanced, nickel-base disk alloy, designated
Alloy 10, was selected for evaluation in NASA's Ultra Safe Propulsion Project.
Early studies on small test specimens showed that heat treatments that pro-
duced a fine grain microstructure promoted high strength and long fatigue life
in the bore of a disk, whereas heat treatments that produced a coarse grain
microstructure promoted optimal creep and crack growth resistance in the rim
of a disk. On the basis of these results, the optimal combination of perfor-
mance and safety might be achieved by utilizing a heat-treatment technology
that could produce a fine grain bore and coarse grain rim in a nickel-base disk.

Alloy 10 disks that were given a dual microstructure heat treatment (DMHT) were
obtained from NASA's Ultra-Efficient Engine Technology (UEET) Program for
preliminary evaluation. Data on small test specimens machined froma DMHT disk
were encouraging. However, the benefit of the dual grain structure on the
performance and reliability of the entire disk still needed to be demonstrated. For
this reason, a high-temperature spin test of a DMHT disk was run at 20 000 rpm
and 1500 °F at the Balancing Company of Dayton, Ohio, under the direction of
NASA Glenn Research Center personnel. The results of that test showed that the
DMHT disk exhibited significantly lower crack growth than a disk with a fine grain
microstructure. In addition, the results of these tests could be accurately
predicted using a two-dimensional, axisymmetric finite element analysis of the
DMHT disk. Although the first spin test demonstrated a significant performance
advantage associated with the DMHT technology, a second spin test on the

DMHT disk before and after burst testing.
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DMHT disk was run to determine burst
margin. The disk burst in the web at a
very high speed, over 39 000 rpm, in
line with the predicted location and
speed. Furthermore, significant growth
of the disk was observed before fail-
ure, in line with predictions, clearly
demonstrating the reliability and safety
of the DMHT technology.

Although successful spin testing in
Ultra Safe’s Nickel Disk Program rep-
resents a significant milestone for
DMHT technology, realistic engine
operation will require repeated load-
ing of a DMHT nickel disk. For this
reason, a cyclic spin test study of
DMHT nickel disk technology has
been proposed to start in fiscal year
2003 under NASA's Aviation Safety
Program. The goal of this program
will be to det